In the present work we employ the master-equation approach to describe the transport through a molecule located in the central region between two external electrodes. In contrast to the transport through a quantum dot, electronphonon coupling should be taken into account for tunnelling through a molecule. The coupling results in the appearance of additional eects such as vibrational sidebands or, for the case of strong coupling, a suppression of the current at low bias voltage (FranckCondon blockade). In contrast to previous studies, the transport properties are described by the density matrix calculated explicitly with diagonal and o-diagonal elements. The observed phenomena are discussed and compared to previous studies.
Introduction
Recently, there has been increased interest in transport through single-molecule devices. Transport through molecules shows similarities to the transport through articial quantum dots including such eects as Coulomb blockade [1, 2] and the Kondo eect [35] . However, the coupling of electrons on the molecule to the phonon modes [612] has also signicant inuence on the transport properties. Due to the electronphonon coupling, vibrational sidebands can be observed as characteristic steps in the currentvoltage curves. In addition, for the case of strong electronphonon coupling, single-electron tunnelling on and o the molecule (sequential tunnelling) can be suppressed at low bias voltages. This eect is called FranckCondon (FC) blockade.
The purpose of this article is to extend the knowledge about the transport properties of a molecular junction. In order to describe the transport through the molecule, we use a density-matrix approach including all coherent tunnelling processes [1316] , thereby avoiding the assumption of a diagonal reduced density matrix. The nonlinear transport properties are obtained from the master equation. In the present study, the limit of weak molecule-lead coupling will be employed. In this case the tunnelling Hamiltonian H t can be treated within perturbation theory. In the lowest order of this expansion, sequential tunnelling is obtained. Because an electron tunnelling into or out of the molecule can change the excitation of vibrational modes, o-diagonal elements of the density matrix between dierent excited states are taken into account.
Model and method
The system consists of a molecule coupled to a phonon mode and connected to external electrodes. It is described by the AndersonHolstein HamiltonianĤ = H leads +Ĥ t +Ĥ mol [6, 9, 10] , where the noninteracting leads are described byĤ leads = ∑ k,β,σ ξ kβĉ † kβσĉ kβσ , the tunnelling between molecule and leads is described bŷ . A single vibrational mode is taken into account within the harmonic approximation. The equilibrium distances between the nuclei of the molecule are changed if an electron is added to or removed from the molecule. The coupling between vibrational and electronic degrees of freedom is described by the term λ ω(b † +b)n d . Unlike in most previous studies, we do not apply a LangFirsov transformation [17] to transfer this coupling to the tunnelling term.
We introduce the reduced density matrix of the molecule as ρ D (t) = Tr leads ρ(t), where the trace is over many-particle states of the leads. We drop the subscript D in the following. Using standard methods [14] , the master equation for the components of ρ with respect to the basis {|n, q⟩} can be written as
Here, |n, q⟩ denotes the molecular eigenstates, where n species the electronic state (0, ↑, ↓, or ↑↓), while q is the harmonic-oscillator quantum number of the vibrational mode. τ 1 and τ 2 are o-diagonal and diagonal relaxation times, respectively, describing the eect of an additional heat bath on the electronic states. The equilibrium distribution P eq,el n is given by the Boltzmann distribution. The transition rates R ns′′′ for sequential tunnelling from state |n, q⟩ to |s, q ′′′ ⟩ contain contributions from the electronic and phononic wave functions. The electronic part is described by the couplings to the electrodes, 
In order to simplify the form of Eq. (2), the master equation can be rewritten in the matrix form [13, 16] 
where M is the N 2 × N 2 rate matrix and N is a number of molecular state we are taking into account. In the stationary state, which satises dρ/dt = 0, Eq. (4) takes the form 0 = M ρ. In order to calculate the stationary occupation probabilities P ss, the diagonal (d) and odiagonal (n) density-matrix elements can be separated into two vectors P d and P n . Then Eq. (4) can be split into two blocks [16] ,
After solving the equation for P n , its solution can be inserted into the equation for P d . In this way the nondiagonal elements are eliminated and an eective equa-
This equation resembles the rate equation, but it contains the eective rates iM
nd . By these eective rates the 4th order eects of coherences are included.
One should emphasize that due to the absence of M nn the evaluation of Eq. (2) can be signicantly simplied.
From the obtained reduced density matrix, one can calculate the current owing out of the left electrode into the molecule,
, where Tr is the trace over the full system. Then, after analogous calculations for the corrections to the current one obtains 
Results
Using the master equation described in the previous section, we determine the current owing through a molecule between two external electrodes. Representative results for the current as a function of the bias voltage are shown in Fig. 1 for the single-electron energy ϵ d = 0.5 and thermal energy kT = 0.05 in units of the phonon energy ω = 1. Two cases of the inter- mediate (λ = 1) and strong (λ = 4) electron-phonon coupling are considered in the present study. For the smaller electronphonon coupling, the current is found to be symmetric with respect to the applied source-drain voltage V . Moreover, it increases with the bias voltage with characteristic steps in the IV characteristic. The observed steps correspond to transitions between molecular states. Additional steps observed for higher bias voltages appear due to vibrational states of the molecule. Each subsequent step is observed when eV is increased by twice an integer multiple of the phonon frequency. For strong electronphonon coupling another characteristic feature is observed: The low-bias current is suppressed due to the FranckCondon blockade [11, 13] . The distribution of the transition rates broadens considerably, opening a gap of suppressed transitions between lowlying phonon states due to very small FC matrix elements F′ . Figure 2 shows the corresponding conduc-A. Donabidowicz-Kolkowska, C. Timm [11] , where o-diagonal components of the reduced density operator were ignored. Evidently, taking these o-diagonal components into account does not qualitatively change the IV characteristics. Further studies, possibly taking higher-order processes into account, are necessary to clarify this result. We note that our results are in good qualitative agreement with experimental data reported by dierent groups [3, 18] . FC blockade has also been observed in the dierential conductance of quantum dots formed in suspended singlewall carbon nanotubes [18] , where the electronphonon coupling is strong. Moreover, the temperature dependence of the experimental data conrms that the sidebands originate from excited vibronic states.
Summary and conclusions
Using a master-equation approach, we have investigated electron transport through a single molecule. In particular, we have included o-diagonal matrix elements of the reduced density matrix. In good agreement with previous studies [11, 13] , the strong suppression of the current in case of strong electron phonon coupling, independently of the local Coulomb interaction U , was observed. The eect of including the o-diagional components is found to be small.
